In utero methamphetamine (METH) exposure enhances the oxidative DNA lesion 7,8-dihydro-8-oxoguanine (8-oxoG) in CD-1 fetal mouse brain, and causes long-term postnatal motor coordination deficits. Herein we used oxoguanine glycosylase 1 (ogg1) knock-out mice to determine the pathogenic roles of 8-oxoG and OGG1, which repairs 8-oxoG, in METH-initiated neurodevelopmental anomalies. Administration of METH (20 or 40 mg/kg) on gestational day 17 to pregnant ϩ/Ϫ OGG1-deficient females caused a drug dose-and gene dose-dependent increase in 8-oxoG levels in OGG1-deficient fetal brains ( p Ͻ 0.05). Female ogg1 knock-out offspring exposed in utero to high-dose METH exhibited gene dose-dependent enhanced motor coordination deficits for at least 12 weeks postnatally ( p Ͻ 0.05). Contrary to METH-treated adult mice, METH-exposed CD-1 fetal brains did not exhibit altered apoptosis or DNA synthesis, and OGG1-deficient offspring exposed in utero to METH did not exhibit postnatal dopaminergic nerve terminal degeneration, suggesting different mechanisms. Enhanced 8-oxoG repair activity in fetal relative to adult organs suggests an important developmental protective role of OGG1 against in utero genotoxic stress. These observations provide the most direct evidence to date that 8-oxoG constitutes an embryopathic molecular lesion, and that functional fetal DNA repair protects against METH teratogenicity.
Introduction
Methamphetamine (METH; "speed," "ice") is an addictive psychomotor stimulant that has been used at least once by 4% of the U.S. population (National Institute on Drug Abuse Research Report Series, 2002) . The neurotoxic effects of METH in adults have been extensively studied (for review, see Cadet et al., 2003) , but the consequences of developmental METH exposure in humans and the underlying mechanisms are not well characterized. METH use during pregnancy is associated with numerous adverse effects (Plessinger, 1998; Chang et al., 2004) .
METH-initiated neurotoxicity may be mediated by reactive oxygen species (ROS) (for review, see Cadet and Brannock, 1998) , which can damage cellular macromolecules or alter signal transduction pathways. The high oxygen consumption and metabolic rate of the brain render it susceptible to ROS-initiated damage. The developing embryo and fetus are particularly vulnerable to oxidative damage because of their low antioxidative capacity (Wells and Winn, 1996; Wells et al., 1997 Wells et al., , 2005 . Previously, we have shown that CD-1 embryos or fetuses exposed in utero to METH have increased levels of the oxidative DNA lesion 7,8-dihydro-8-oxoguanine (8-oxoG) in the brain and liver and postnatally exhibit long-term deficits in motor coordination . Unlike adult mice treated with METH , striatal dopaminergic nerve terminal degeneration in offspring exposed in utero was not observed, suggesting different mechanisms.
Potential consequences of oxidative DNA damage include mutations and transcriptional delay (Shibutani and Grollman, 1994; Pastoriza-Gallego et al., 2007) . Transcriptional delay may contribute to teratogenic effects, because developmental events must occur within a specific time window, and any delays may result in structural or functional abnormalities . Cell cycle arrest or changes in apoptosis resulting from oxidative DNA damage may also play a role in developmental abnormalities.
Repair of 8-oxoG occurs primarily through the base excision repair pathway, of which the first two steps are catalyzed by oxoguanine glycosylase 1 (OGG1). OGG1 expression and activity have been detected in various adult rodent tissues, including the brain (Verjat et al., 2000) . The capacity of OGG1 to remove 8-oxoG may be the key determinant of oxidative DNA damage levels in the brain, because there is an inverse correlation between regional OGG1 activity and corresponding 8-oxoG levels in mouse brain (Cardozo-Pelaez et al., 2000) .
OGG1 mRNA expression has been found in the human fetal brain and liver, as well as in the neonatal rat brain (Nishioka et al., 1999; Verjat et al., 2000) . The importance of OGG1 in protecting the developing brain against oxidative insult is suggested by reports that expression and activity are highest in fetal rodent brain and decline with age (Chen et al., 2002; Englander and Ma, 2006; Larsen et al., 2006) . We hypothesized that 8-oxoG is a developmentally pathogenic molecular lesion, and that ogg1 knock-out mice deficient in 8-oxoG repair will be more susceptible to increased oxidative DNA damage and neurodevelopmental deficits resulting from in utero exposure to enhanced formation of ROS, caused by fetal exposure to a single dose of METH (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material).
Preliminary reports of this research were presented at the 2004 and 2006 annual meetings of the Society of Toxicology (USA) (Wong et al., 2004; Wong and Wells, 2006) .
Materials and Methods
Chemicals. 8-Hydroxy-2Ј-deoxyguanosine was obtained from Cayman Chemical, nuclease P1 and Escherichia coli alkaline phosphatase from Sigma-Aldrich, CIP, 24:1:25 (chloroform:isoamyl alcohol:phenol) from Life Technologies and proteinase K from Roche Diagnostics. All other reagents used were of analytical or HPLC grade.
Drugs. Pure racemic (D/L)-METH was provided by the Healthy Environments and Consumer Safety Branch of Health Canada (Ottawa, Ontario, Canada). The identity and absolute purity of (D/L)-METH was determined by diode array detection using a Bio-Rad REMEDi HS system and confirmed by liquid chromatography-mass spectrometry-mass spectrometry.
Mice. Outbred, virgin, 7-week-old CD-1 female and male mice (Charles River Canada) were acclimatized for 1 week before breeding. Ogg1 knock-out mice were generously provided by Dr. Tomas Lindahl (Cancer Research UK, London, UK) through Dr. Christi A. Walter at the University of Texas Health Science Center at San Antonio (San Antonio, TX). Females were housed overnight three to a cage with a male breeder (for ogg1 knock-out mice, heterozygous (ϩ/Ϫ) females were housed overnight with a congenic ϩ/Ϫ male breeder). The presence of a vaginal plug the next morning was designated as gestational day (GD) 1. Pregnant females were isolated and housed in plastic cages with ground corncob bedding (Beta Chip; Northeastern Products) and maintained in temperature-controlled rooms with a 12 h light/dark cycle. Food (Laboratory Rodent Chow 5001; Ralston Purina) and tap water were provided ad libitum. All animal studies were approved by the University of Toronto Animal Care Committee in accordance with the standards of the Canadian Council on Animal Care.
Animal treatment. Drugs were dissolved with sterilized 0.9% saline, and the drug or its vehicle were injected intraperitoneally in a fixed volume of 0.1 ml/10 g body weight. Mice were administered a single dose of METH (20 or 40 mg/kg) or 0.9% saline (vehicle) on GD 17 at 1000 h. For analysis of DNA oxidation and 8-oxoG repair activity, pregnant dams were killed 4 h after drug treatment and the brains and livers were isolated from both dams and fetuses. Organs were subsequently rinsed in ice-cold 1.15% KCl solution, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until sampling. Fetal tails were frozen for genotyping. For behavioral studies, dams were allowed to deliver spontaneously, and tail snips were obtained from the offspring for genotyping. The offspring were tested at age 6, 8, 10, and 12 weeks. For tyrosine hydroxylase (TH) immunohistochemistry, brains from 12-week-old progeny were isolated and fixed in 10% formalin until further processing. For analysis of apoptosis, brains were isolated at 6, 48, or 72 h after drug exposure and fixed in 4% paraformaldehyde at 4°C. For bromo-deoxyuridine (BrdU) immunohistochemistry, mice were administered 100 mg/kg (i.p.) BrdU either 5 or 47 h after drug exposure. Fetal brains were isolated 1 h after BrdU exposure and fixed in 4% paraformaldehyde at 4°C.
Genotyping. DNA was isolated from fetal or adult tail snips using a standard DNA extraction kit (Sigma-Aldrich). Purified DNA (100 -300 ng) was added to a PCR master mix containing 50 mM KCl, 10 mM Tris-HCl, pH 8.3, 2 mM MgCl 2 , forward and reverse primers, 0.8 mM dNTPs (deoxynucleoside triphosphates), 0.02 U of Taq polymerase, and ddH 2 O. The primers (0.12 M) used to amplify the 500 bp band for the ogg1 gene were ogg1-sense (5Ј-ACTGCATCTGCTTAATGGCC-3Ј) (forward primer), and ogg1-antisense (5Ј-CGAAGGTCAGCACTGAACAG-3Ј) (reverse primer). The primers (0.1 M) used to amplify the 300 bp band for the ogg1 knock-out gene were neo sense (5Ј-CTGAATGAACTGCAGGACGA-3Ј) (forward primer), and neo antisense (5Ј-CTCTTCGTCCAGATCATCCT-3Ј). The final reaction volume was 45 l. Samples were placed in a thermal cycler (Eppendorf Mastercycler Gradient; Eppendorf Scientific) and run under the following conditions: 94°C, 1 min; followed by 30 cycles of 94°C, 1 min; 58°C, 1.5 min; 72°C, 2 min, and a final extension at 94°C for 10 min. PCR samples were combined with a 10 ϫ gel loading buffer (0.25% bromophenol blue; 0.25% xylene cyanol, and 15% Ficoll type 400 in ddH 2 O) and loaded onto a 1.5% agarose gel prepared with 1 ϫ Tris-acetic acid-EDTA running buffer and ethidium bromide. The agarose gel was run at a constant 100 V for 1 h, viewed under UV light, and photographed.
Analysis of methamphetamine-initiated DNA oxidation in ogg1 knockout mice. Brain and liver were homogenized in 500 l of DNA digestion buffer (100 mM Tris-HCl, pH 8.0, 5 mM EDTA, pH 8.0, 0.2% SDS, 200 mM NaCl) and allowed to digest overnight with proteinase K (50 g/ml) at 55°C. DNA was extracted as described previously (Liu and Wells, 1995) . Isolated DNA (RNA free) was digested to nucleotides by incubation with nuclease P1, incubated with Escherichia coli alkaline phosphatase, and the resulting deoxynucleoside mixture was filtered and analyzed by HPLC with electrochemical (EC) detection.
Detection of 8-oxo-2Ј-deoxyguanosine. Oxidation of 2Ј-dG to 8-oxodG was quantified using an isocratic Series 200 HPLC system (PerkinElmer Instruments) equipped with a 5 m Exsil 80A-ODS C-18 column (5 cm ϫ 4.6 mm; Jones Chromatography), an electrochemical detector (Coulochem II), a guard cell (model 5020), an analytical cell (model 5010) (Coulochem; ESA) and an integrator (PerkinElmer NCI 900 Interface). Samples were filtered (0.22 m), injected into the HPLC-EC system, and eluted using a mobile phase consisting of 50 mM KH 2 PO 4 buffer, pH 5.5, methanol (95:5, v/v) at a flow rate of 0.8 ml/min with a detector oxidation potential of ϩ0.4 V . Chromatographs were analyzed using the TotalChrom chromatography software version 6.2.0 (PerkinElmer Instruments).
Behavioral studies. Mice were conditioned and trained on a constant speed rotarod before performing the motor coordination test. Briefly, mice were required to perch on the stationary rod for 30 s to accustom them before being allowed to run with a constant speed of 5 rpm for 90 s.
Once conditioned, mice were tested at a constant speed of 20 rpm. The performance time and speed at which the mice fell from the rod were recorded.
TH immunohistochemistry. Brain sections (5 m) were deparaffinized in xylene and ethanol, followed by a high temperature unmasking in 0.01 M sodium citrate buffer (pH 6.0) for 5 min. Tissue sections were blocked for 3 h with 3% BSA, 20 mM MgCl 2 , 0.3% Tween 20, and 5% goat serum in PBS followed by an overnight incubation with the goat anti-rabbit TH primary antibody (1:600; Millipore Bioscence Research Reagents). Sections were incubated with biotinylated goat anti-rabbit IgG reagent (1: 200; Vector Laboratories) for 30 min at room temperature. To quench endogenous peroxidase activity, slides were incubated in 3% H 2 O 2 in methanol for 30 min at room temperature. Detection was performed using the Vectastain Elite ABC Reagent kit and 3,3Ј-diaminobenzidine (DAB) kit (Vector Laboratories).
TUNEL histochemistry. Apoptosis was detected using the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay (Roche Diagnostics). Briefly, sections were deparaffinized and incubated in 20 g/ml proteinase K in prewarmed 10 mM Tris-HCl, pH 7.5, for 15 min at 37°C. Sections were then washed in PBS, covered with TUNEL labeling solution and a layer of Parafilm to prevent dehydration, and incubated for 90 min at 37°C. Sections were briefly washed in PBS, then mounted in aqueous mounting media and viewed.
BrdU immunohistochemistry. Sections were incubated in 2N HCl for 45 min to denature DNA. The acid was neutralized by incubation in 50 mM Tris base for 10 min. To quench endogenous peroxidase activity, slides were incubated in 3% H 2 O 2 in methanol for 30 min at room temperature. Sections were blocked for 3 h with Mouse on Mouse (M.O.M.) mouse IgG blocking reagent (Vector Laboratories) in PBS, then incubated in M.O.M. diluent (Vector Laboratories) for 5 min. Tissue sections were incubated in a 1:25 dilution of mouse monoclonal anti-BrdU antibody (BD Biosciences) in M.O.M. diluent overnight at 4°C, followed by incubation with a 1:250 dilution of anti-mouse IgG reagent (Vector Laboratories). Detection was performed using the Vectastain Elite ABC Reagent kit and DAB kit (Vector Laboratories).
8-oxoG repair activity. OGG1 activity was assayed by an oligonucleotide incision assay using as the substrate a double-stranded oligonucleotide containing a single 8-oxoG residue. Briefly, 100 nmoles of a 49-mer oligonucleotide containing a single, internal 8-oxoG residue [5Ј-TAGAC-ATTGCCATTCTCGATA-8-oxoG-GATCCGGTCAAACCTAGACGAAT-TCCG-3Ј (sequence from Klungland et al., 1999) ; Sigma-Genosys] was labeled at the 3Ј-terminus with biotin (Pierce Biotechnology). The labeled oligonucleotide was annealed to a twofold molar excess of its complementary sequence (5ЈCGAATTCGTCTAGGTTTGACCGGATCCTAT-CGAGAATGGCAATGTCTA-3Ј) with C opposite 8-oxoG, using an annealing buffer (0.1 M NaCl, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA) and by heating to 95°C for 5 min and then cooling to room temperature.
Nuclear extracts were prepared from adult or fetal (GD 17) brains and livers according to the small-scale procedure described by Lee et al. (1988) with modifications. Briefly, 100 mg tissues samples were homogenized in 1 ml of buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, and 0.5 mM DTT) and centrifuged at 1000 ϫ g for 10 min at 4°C. The pellet was resuspended in 140 l of buffer C (20 mM HEPES, pH 7.9, 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 10 mM KCl, 0.5 mM DTT, and 0.5 mM PMSF) and mixed gently for 30 min at 4°C. The nuclear debris was pelleted by spinning for 10 min at 14,000 ϫ g, and the supernatant dialyzed against buffer D (20 mM HEPES, pH 7.9, 20% (v/v) glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.2 mM PMSF, and 0.5 mM DTT) for 4 h using Slide-A-lyzer Mini Dialysis units (Pierce Biotechnology). The protein concentration was determined by the modified Lowry method described by Markwell et al. (1981) , and the nuclear extracts were stored at Ϫ80°C before use.
Incision reactions (20 l) contained 25 mM Tris-HCl (pH 7.6), 5 mM EDTA, 50 mM KCl, 100 fmol of biotin-labeled oligonucleotide duplex, and 20 g of nuclear protein [or purified formamidopyrimidine glycosylase (Fpg) enzyme (2 U; Trevigen)] as a positive control. The reactions were incubated for 2 h at 37°C and terminated by the addition of 0.8 l of both 5 mg/ml proteinase K and 10% SDS, followed by incubation at 55°C for 15 min. DNA was ethanol precipitated by the addition of 1 g of glycogen and 5.9 l of 7.5 M ammonium acetate and 60 l of ethanol. The dried DNA pellet was resuspended in loading buffer [80% formamide, 50 mM Tris-borate, 1 mM EDTA, pH 8.0, 0.1% cyanol (w/v), 0.1% bromophenol blue (w/v)] and resolved by denaturing electrophoresis in a 15% polyacrylamide (19:1) gel containing 8.3 M urea. After electrophoresis, samples were transferred (80 V; 1 h) in 50 mM Tris-borate, pH 8.3, 1 mM EDTA buffer to a Biodyne B nylon membrane (Pall Life Sciences) using a Mini Trans-Blot electrophoretic transfer cell (Bio-Rad). DNA was crosslinked to the membrane using a GS Gene Linker UV chamber (Bio-Rad), set at program mode C-L (125 mJ). Biotin-labeled DNA was detected using a Phototope-Star detection kit (New England Biolabs) as per the manufacturer's instructions.
Quantification of immunohistochemical and 8-oxoG incision activity data. Determination of DNA synthesis was performed by counting the number of BrdU-stained cells in coronal brain sections. One coronal section was used for measurements in each fetal brain sample, and nine fields within the caudate-putamen were analyzed bilaterally. Each field was analyzed three times, and an average value was calculated.
Band intensities for 8-oxoG incision activity were quantified by densitometry using NIH Image (Scion version Beta 4.02). The mean integrated band densities were calculated by averaging three measurements from each sample. The percentage of cleaved product was calculated by dividing the mean integrated density of the cleaved product band by the sum of the mean integrated densities of the cleaved product and substrate bands.
Statistical analysis. Statistical significance of differences between paired data were determined by the two-tailed Student's t test, whereas multiple comparisons among groups were analyzed by one-way ANOVA with a subsequent Tukey's test (GraphPad Prism version 3.02; GraphPad Software). The level of significance was determined to be at p Ͻ 0.05.
Results

DNA oxidation is increased in METH-exposed fetal brain in ogg1 knock-out mice
In fetal brain, there were no significant differences in DNA oxidation among saline-exposed wild-type, (ϩ/ϩ) OGG1-normal, heterozygous (ϩ/Ϫ) fetuses or homozygous null, (Ϫ/Ϫ) OGG1-deficient fetuses (Fig. 1) . However, with low-dose METH exposure, an 80% increase in 8-oxoG levels in ϩ/Ϫ OGG1-deficient fetuses compared with ϩ/ϩ OGG1-normal littermates and a doubling in DNA oxidation in Ϫ/Ϫ versus ϩ/ϩ fetuses ( p Ͻ 0.01) were observed. DNA damage was also elevated in fetal brain from METH-exposed Ϫ/Ϫ fetuses compared with salineexposed controls of the same genotype ( p Ͻ 0.01). Compared with low-dose exposure, high-dose exposure to METH greatly enhanced DNA damage in Ϫ/Ϫ fetal brains ( p Ͻ 0.001). With high-dose METH exposure, there was a 2.3-fold increase in DNA oxidation in Ϫ/Ϫ compared with ϩ/ϩ fetuses ( p Ͻ 0.001) and a doubling in 8-oxoG levels in Ϫ/Ϫ versus ϩ/Ϫ fetuses ( p Ͻ 0.001). Additionally, DNA oxidation was 3.6-fold higher in METH-exposed compared with saline-exposed Ϫ/Ϫ fetal brains ( p Ͻ 0.0001).
No increase in fetal liver DNA oxidation levels in METHexposed ogg1 knock-out mice In fetal liver, no significant gene dose-dependent differences in DNA oxidation were observed among saline-exposed ϩ/ϩ, ϩ/Ϫ, or Ϫ/Ϫ littermates, nor among METH-exposed fetuses of different ogg1 genotypes (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). A drug dose- dependent increase in oxidative DNA damage was observed in the fetal liver from ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ fetuses exposed to high-dose METH compared with saline-exposed controls of the same genotype ( p Ͻ 0.01, p ϭ 0.01, and p Ͻ 0.05, respectively).
Enhanced motor coordination deficits in female ogg1 knock-out offspring exposed to high-dose METH in utero Female ogg1 Ϫ/Ϫ offspring exposed in utero to 40 mg/kg METH had a shorter latency to fall compared with salineexposed controls of the same genotype at 6, 8 and 10 weeks postnatally ( p ϭ 0.02, p ϭ 0.001, and p Ͻ 0.05, respectively) (Fig.  2, top) . Long-term deficits were also observed in female Ϫ/Ϫ mice compared with ϩ/ϩ littermates at 8, 10, and 12 weeks ( p Ͻ 0.001, p Ͻ 0.01, and p Ͻ 0.01, respectively) and compared with ϩ/Ϫ littermates at 6 and 8 weeks ( p Ͻ 0.05 and p Ͻ 0.01, respectively). Among untreated offspring, males appeared to have a shorter latency than females, but this difference was not statistically significant.
No differences in motor coordination deficits in ogg1 knock-out mice exposed to low-dose METH in utero Mice exposed in utero to the lower dose (20 mg/kg) of METH did not have a shorter latency to fall compared with saline-exposed mice (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Additionally, the latency to fall in Ϫ/Ϫ OGG1-deficient mice was not significantly different from heterozygous or wild-type mice.
Absence of striatal dopaminergic nerve terminal degeneration in adult ogg1 knock-out offspring exposed to METH in utero Brain sections from 12-week-old mice that were exposed in utero to METH on GD 17 were stained for TH indicative of dopaminergic nerve terminals. Unlike in adult mice treated with METH , there was no evidence of postnatal structural degeneration of nerve terminals after in utero METH exposure in OGG1-deficient mice compared with wild-type littermates, nor compared with saline controls (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material).
No changes in apoptotic cell death in fetal CD-1 brain after in utero METH exposure Levels of apoptosis in the fetal brain were not altered by prenatal exposure to low-or high-dose METH, as determined by TUNEL histochemistry conducted at 6, 48, or 72 h after exposure (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material).
Increased DNA synthesis in fetal brain after in utero METH exposure Although no DNA replication activity was detected in the striatum at the time points examined (6 and 48 h), activity was observed in regions immediately surrounding the lateral ventricle. Exposure to low-or high-dose METH did not significantly alter DNA synthesis activity in this region 48 h after exposure (Fig. 3) . However, low-dose METH exposure resulted in elevated levels of DNA synthesis in the hippocampus ( p Ͻ 0.05), and increasing the METH dose to 40 mg/kg led to a decrease in DNA replication compared with low-dose exposure. No changes in DNA synthesis were observed at 6 h after exposure (data not shown).
Elevated 8-oxoG repair activity in fetal brain and liver relative to adult tissue 8-OxoG incision activity was detected in nuclear extracts from the liver and brain of adult wild-type mice, but minimal activity was observed in adult ogg1 knock-out mice (Fig. 4) . OGG1 appears to be the sole contributor to 8-oxoG repair in GD 17 fetal brain and liver nuclear extracts with the complete absence of the incision product in ogg1 knock-out mice (Fig. 5) (limit of detection Ͻ0.12 fmol of labeled probe). Rates of 8-oxoG incision activity were comparable in fetal brain and liver nuclear extracts and approximately two fold higher than those observed in adult tissues (Fig. 6 ).
Discussion
The results from this study provide the first evidence for increased susceptibility of ogg1 knock-out fetuses to the toxicity of ROS-initiating xenobiotics, directly implicating oxidative DNA damage and 8-oxoG in the pathogenic mechanism of METH teratogenicity. These results also suggest that functional repair of oxidative DNA damage in the fetus is important in protecting against METH-initiated neurodevelopmental deficits. Enhanced rates of 8-oxoG repair in fetal compared with adult tissues, together with the complete lack of repair in fetal ogg1 knock-out nuclear extracts, suggest a critical developmental role for OGG1 in protecting the fetus against insults that stimulate in utero oxidative stress. The absence of METH-initiated apoptotic changes Enhanced postnatal motor coordination deficits in female ogg1 knock-out offspring exposed in utero to high-dose METH. Animals were treated as described in Figure 1 , except that dams were allowed to deliver their litters. Motor coordination impairment was assessed by the rotarod test at 20 rpm beginning at 6 weeks of postnatal age for mice exposed in utero to saline or 40 mg/kg METH. The latency or time at which the mice fell from the rod was recorded. or dopaminergic nerve terminal degeneration in fetal brain suggest substantial differences between the mechanisms underlying METH-initiated neurodevelopmental deficits in the fetus and neurodegeneration after METH administration to adults.
A potential reason for these differences may be lower levels of dopamine in fetal brain. Mice are born with ϳ20% of the dopamine that is observed in adult brain (Agrawal et al., 1968; Alhava and Klinge, 1972) . Early studies indicated that developing mice are more resistant to lethal doses of amphetamine than adults (Alhava, 1972 (Alhava, , 1975 . More recent work in rats has shown that weanling rats are resistant to losses of TH-immunoreactivity and dopamine depletion in the caudate-putamen after methamphetamine (Pu and Vorhees, 1993; Cappon et al., 1997) or amphetamine (Bowyer, 2000) treatment. This observed resistance may be attributable in part to a blunted hyperthermic response in young rats because the severity of METH-induced neurotoxicity correlates with the degree of hyperthermia induced by treatment in the adult rat with sustained elevations in core temperature between 39.5 to 41°C required to observe dopamine-terminal degeneration in the striatum (Bowyer et al., 1994; Bowyer and Holson, 1995) . The studies of Cappon et al. (1997) point out a developmental distinction between METH response and hyperthermia between postnatal day 20 (P20) and P40 rats. Both P20 and P40 rats are resistant to METH-induced hyperthermia, neostriatal dopamine depletion, and elevations in glial fibrillary acidic protein content when dosed at an ambient temperature of 22°C. However, raising the ambient temperature to 30°C restores an adult pattern of response in P40 rats but not in P20 rats despite a comparable hyperthermic response. It is possible that pregnancy itself affords some protection to the developing fetus against METH neurotoxicity through altered thermoregulatory responses, given reports of neuroimmune hyporesponsiveness in late gestation (Martin et al., 1995; Spencer et al., 2008) .
8-OxoG formation in dividing developing neurons may lead to transversion mutations, which can affect the expression and activity of proteins required for normal neuronal development and function. In addition to these effects, the 8-oxoG lesion may alter gene transcription via several potential mechanisms. Conflicting evidence exists regarding the ability of 8-oxoG or 8-oxoG-derived G:C to T:A transversions to disrupt the function of RNA polymerase II. Stalling of basal transcriptional machinery by the introduction of 8-oxoG lesions to the DNA template has been observed (Viswanathan and Doetsch, 1998) , but other studies suggest that only DNA helix-distorting changes (singlestrand breaks, pyrimidine dimers) and not oxidized bases may be capable of blocking DNA and RNA polymerases (Kathe et al., 2004) . These experimental discrepancies may be explained by recent observations that the repair level and/or the transcriptional arrest caused by a unique 8-oxoG lesion varies according to the promoter strength and nucleotidic sequence surrounding the lesion (Pastoriza-Gallego et al., 2007) . Transcriptional mutagenesis via 8-oxoG bypass has been documented in mammalian systems (Charlet-Berguerand et al., 2006) , and this mechanism has been shown to lead to phenotypic changes in bacterial systems (Viswanathan et al., 1999) . 8-OxoG lesions may also effect the expression of specific genes via their ability to regulate the binding efficiency of transcription factors such as nuclear factor B (NF-B) to specific promoter elements (Hailer-Morrison et al., 2003) .
Accumulation of oxidative DNA damage can also lead to apoptosis; however, there was no evidence for METH-initiated alterations in developmental apoptosis at various time points after in utero exposure in CD-1 mice, which are more susceptible to the teratogenic effects of METH than B6/129SV mice (the background strain of the ogg1 knock-out mice). This is in stark contrast to previous studies conducted in adults, in which METH treatment resulted in apoptotic cell death in various brain regions (for review, see Cadet et al., 2003) , and suggests that apoptosis is not involved in the mechanism of METH-initiated neurodevelopmental deficits.
Oxidative DNA damage may also trigger cell cycle arrest in cycling cells, allowing time for repair of damage to occur before DNA is replicated. However, DNA synthesis was enhanced in the hippocampus of CD-1 fetuses after low-dose exposure to METH. Increased DNA synthesis in CD-1 fetal brain 48 h after METH exposure. METH (40 or 20 mg/kg) or its saline control was administered on GD 17 to pregnant CD-1 mice. At 47 h after exposure, dams were treated with 100 mg/kg BrdU. Mice were killed 1 h after BrdU treatment, and fetal brain sections were assessed for BrdU, indicative of DNA replication activity. Representative coronal sections of GD 17 fetal brain in the area surrounding the lateral ventricle and hippocampus are shown in sections 1 and 2, respectively. *p Ͻ 0.05 indicates a difference from saline control and from 40 mg/kg METH. Immunohistochemical staining was assessed at 200ϫ magnification with a minimum of n ϭ 5 per treatment group. One coronal section was used for measurements in each fetal brain sample, and nine fields within the caudate-putamen were analyzed bilaterally. Each field was analyzed three times, and an average value was calculated. Fetuses were selected randomly and evenly from different litters. No differences in DNA replication were observed at 6 h after METH exposure (data not shown).
Because this was not observed after high-dose METH exposure, it is unlikely that changes in DNA synthesis contribute to METHinitiated neurodevelopmental deficits.
The lack of striatal dopaminergic terminal degeneration in adult ogg1 knock-out mice exposed in utero to METH indicates that protection by OGG1 against neurodevelopmental deficits may occur via a mechanism other than preventing the degeneration of dopaminergic nerve terminals that occurs in adult mice treated with METH. We confirmed in CD-1 mice that the mechanism underlying METH-initiated neurodevelopmental deficits is different from that involved in adult neurotoxicity by demonstrating that terminal degeneration did not occur at earlier stages after METH exposure, with subsequent recovery by adulthood (data not shown). Instead, these deficits may involve altered proteins or delayed expression of proteins that affect axonal migration, dendritic branching, and synaptogenesis.
The increase in oxidative DNA damage in fetuses exposed to 40 mg/kg versus 20 mg/kg METH, as well as the lack of postnatal functional deficits in Ϫ/Ϫ ogg1 knock-out mice exposed to lowdose METH, indicate that protection provided by OGG1 is drug dose-dependent. The higher dose used in this study results in a peak METH concentration in the GD 14 mouse brain that is similar to brain levels observed in premature infants born to METH-abusing mothers (Bost et al., 1989; Won et al., 2001) , indicating that the results from this study may be relevant to human use. Although low-dose METH did not cause motor coordination deficits measurable by the rotarod test, 8-oxoG levels were enhanced in OGG1-deficient mice, and it is possible that additional types of functional deficits including cognitive anomalies may be caused by this dose, as well as by the higher dose used in this study. If so, the extent to which the 8-oxoG lesion contributes to such deficits would need to be determined. Additionally, other structural and functional anomalies may result from exposure to METH over a broader gestational period compared with the single dose used in this study.
Protection by OGG1 against both oxidative DNA damage in fetal brain and postnatal neurodevelopmental deficits was also gene dose-dependent, because Ϫ/Ϫ mice were more susceptible . Endogenous 8-oxoG repair activity in adult brain and liver nuclear extracts from ogg1 knock-out mice. Extracts were incubated with a biotin-labeled oligonucleotide containing 8-oxoG that was annealed to its complementary strand containing C opposite 8-oxoG. Reaction products were resolved by 15% PAGE. Lane 1 negative control, 100 fmol of oligonucleotide incubated with no nuclear extract. Lane 2 positive control, 100 fmol of oligonucleotide incubated with Fpg (2 U), the bacterial functional homolog of OGG1. Lanes 3-5, 100 fmol of oligonucleotide incubated with 20 g of nuclear extract from adult brain or liver from ogg1 wildtype (ϩ/ϩ) mice. Lanes 6 -8, 100 fmol of oligonucleotide incubated with 20 g of nuclear extract from adult brain or liver from ogg1 homozygous-null (Ϫ/Ϫ) mice. . Endogenous 8-oxoG repair activity in fetal brain and liver nuclear extracts from ogg1 knock-out mice. Extracts were incubated with a biotin-labeled oligonucleotide containing 8-oxoG that was annealed to its complementary strand containing C opposite 8-oxoG. Reaction products were resolved by 15% PAGE. Lane 1 negative control, 100 fmol of oligonucleotide incubated with no nuclear extract. Lane 2 positive control, 100 fmol of oligonucleotide incubated with Fpg (2 U), the bacterial functional homolog of OGG1. Lanes 3-5, 100 fmol of oligonucleotide incubated with 20 g of nuclear extract from GD 17 brain or liver from ogg1 wildtype (ϩ/ϩ) fetuses from different litters. Lanes 6, 7, 100 fmol of oligonucleotide incubated with 20 g of nuclear extract from GD 17 brain or liver from ogg1 homozygous-null (Ϫ/Ϫ) fetuses from different litters. Figure 6 . Densitometric analysis of endogenous fetal versus adult 8-oxoG repair activity in nuclear extracts from ogg1 wild-type (ϩ/ϩ) mice. Extracts were incubated with a biotinlabeled oligonucleotide containing 8-oxoG that was annealed to its complementary strand containing C opposite 8-oxoG. Oligonucleotide (100 fmol) was incubated with 20 g of nuclear extract from GD 17 brain or liver (n ϭ 5; mean Ϯ SD) or adult brain or liver (n ϭ 3; mean Ϯ SD). Fetuses were selected randomly and evenly from different litters. *p Ͻ 0.05 indicate a difference from the same tissue from adults.
to METH-enhanced oxidative DNA damage compared with ϩ/Ϫ mice, which in turn exhibited a motor coordination deficit generally between that of the ϩ/ϩ and Ϫ/Ϫ offspring, although the ϩ/Ϫ offspring were not statistically different from ϩ/ϩ littermates. It appears that both copies of OGG1 may be necessary to provide maximal protection against ROS-initiating teratogens like METH.
The increased susceptibility to oxidative DNA damage observed in the fetal brain but not fetal liver of ogg1 knock-out mice exposed to METH despite comparable 8-oxoG repair activity may reflect differences in ROS formation and/or activity of antioxidative enzymes in these tissues. An additional contributing factor could be greater ROS formation in the brain secondary to monoamine metabolism. In regard to ROS formation, we have shown that one of the isoforms of prostaglandin H synthase (PHS-2), which is constitutively expressed in brain but not liver, can bioactivate METH to free radical intermediates capable of producing ROS-initiated formation of 8-oxoG in adult brain .
In the present study, 8-oxoG repair activity was found to be approximately twofold higher in fetal tissues compared with those of adults, which is consistent with previous observations in both rat and mouse (Chen et al., 2002; Riis et al., 2002; Englander and Ma, 2006; Larsen et al., 2006) . The complete lack of incision product observed in fetal tissues suggests that OGG1 is the sole contributor to 8-oxoG repair in GD 17 brain and liver nuclear extracts, and that the Nei-like DNA repair glycosylases (NEIL1/ 2/3), which have low in vitro repair capacity against 8-oxoG (Rosenquist et al., 2003) , do not appear to contribute measurably to 8-oxoG removal in these gestational tissues during the fetal period of development.
Less direct evidence implicating oxidative DNA damage and repair in the mechanism of teratogenesis includes the enhanced susceptibility of p53 and atm knock-out mice, which lack key proteins for detecting and/or repairing oxidative DNA damage, to the embryopathic and teratogenic effects of various ROSinitiating agents (Moallem and Hales, 1998; Laposa et al., 2004; . In humans, it has recently been suggested that polymorphisms in DNA repair genes, including ogg1, may be involved in teratogenesis (Olshan et al., 2005) .
Although little is known about the effects of oxidative DNA damage in the developing fetal brain, there is evidence of roles for 8-oxoG in contributing to neurodegeneration in adults. For example, METH-initiated dopaminergic nerve terminal degeneration and motor coordination deficits in adult mice are associated with localized increases in 8-oxoG levels in particular brain regions, all of which are inhibited by pretreatment with a single dose of Aspirin (acetylsalicylic acid), an inhibitor of the enzyme prostaglandin H synthase thought to catalyze METH bioactivation to a neurotoxic free radical intermediate . Genes involved in DNA repair, including those of the base excision repair pathway, are upregulated in mice after METH administration, suggesting increased repair activity may counteract METH-induced oxidative DNA damage (Cadet et al., 2002) . Additionally, the finding that more DNA repair genes are upregulated in wild-type mice than in c-fos-deficient mice, which are more susceptible to the toxic effects of METH, suggests that the inability to trigger DNA repair responses contributes to the increased sensitivity of these mice to the drug. In humans, increased 8-oxoG levels have been observed in various brain regions in Parkinson's disease (Alam et al., 1997 ; Shimura-Miura et al., 1999) and Alzheimer's disease (Wang et al., 2005) . Similarly, 8-oxoG immunoreactivity is increased in many large motor neurons in amyotrophic lateral sclerosis (Kikuchi et al., 2002) . Whether oxidative DNA damage in adults contributes to the pathogenesis of human neurodegenerative diseases, or is an outcome of oxidative stress resulting from tissue destruction, is unclear.
In summary, this study corroborates and extends our previous evidence that METH-initiated neurodevelopmental deficits in the fetus and neurodegeneration in adults involve different mechanisms. More importantly, these results provide the most direct evidence to date that 8-oxoG is a developmentally pathogenic molecular lesion, and are the first to show that functional repair of oxidative DNA damage is important in protecting the fetus from METH teratogenicity. Elevated rates of 8-oxoG repair observed in fetal tissue compared with adults, coupled with the total lack of 8-oxoG repair observed in ogg1 knock-out mice, suggest a critical role for OGG1 in protecting the fetus from genotoxic in utero oxidative stress. Interindividual variability in the repair of oxidative DNA damage may contribute to the risk of neurodevelopmental deficits after METH exposure, as well as after enhanced developmental oxidative stress attributable either to endogenous causes or exposure to other ROS-initiating xenobiotics.
